This report was prepared as a n account of work sponsored by a n agency of the United States Government. 
ATopen the possibility for the fabrication of amorphous near net-shape components using techniques such as injection molding. The thermal, elastic, and magnetic properties of these alloys have been studied, and we have found that bulk amorphous PWi22.5Fe17.5P20 has spin glass behavior for temperatures below 30 K.
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I. INTRODUCTION
Undercooling phenomena in metallic melts are of significant importance because novel microstructures and phases can be explored by controlled undercooling and solidification. ['-71 In general, the microstructure developed on crystallizing the melt depends on the degree of undercooling at which crystallization takes place. Large degrees of undercooling are needed to obtain novel microstructures and amorphous alloys. Early studies on crystal nucleation by Rapid solidification techniques can be used to extend the range of undercooling in metallic. melts and produce amorphous alloys. To make an amorphous alloy, the metallic melt must be undercooled from the melting temperature TL to the glass transition temperature Tg'
;Assuming that the melt has a low density of heteronucleants, the main competition to glass form ti0 will arise from horn geneous nucleation. T u r n b~l l [ *~~ studied homogeneous nucleation in undercooled melts and showed that the most impodant parameter describing the nucleation rate is the ratio Trg = Tg / TL or reduced glass transition temperature. The solid curves in Figure   1 show homogeneous nucleation rates for various values of Trg calculated using the parameters listed in ref.
[20]. The nucleation rate becomes negligible for T + TL (because the thermodynamic force for crystdlization approaches zero) and for T + T g (because the nucleation rate is kinetically suppressed by the increasing glass viscosity). If we associate a smaller nucleation rate (positive abscissa) with a larger time period during which the undercooled liquid can exist without crystalhing, the homogeneous nucleation rate curves in the figure become equivalent to the customary T-T-T or C-C-T curves for crystallization. It is then.clear that during continuous cooling, the larger the value of Trg, the smaller will be the critical cooling rate required to avoid crossing the nose of the C-C-T curve.
Because of the metallic bonding nature, the formation of metallic glasses usually requires 6 high cooling rates, on the order of 10 Wsec, and amorphous metallic alloys cannot be produced in bulk forms. The recent discovery that a number of multicomponent alloys can be cooled from the melt to the amorphous state at cooling rates of only 1-100 Wsec has generated great [2 1-27] interest.
Pd@bP20 was one of the first bulk amorphous alloys discovered. Using waterquenching technique, Chen produced amorphous Pd4oNi40P20 alloy rods with diameters of 1-3
Later, various techniques ranging from surface etching[291 and fluxing[301 were developed 'to remove the heterogeneous nucleation centers in the molten PdQoNi40P20, enak ing the I production of cm-size glasses. All these studies addressed the particular composition of Pd40Ni~P20. Recently, we reported the homogeneity range for bulk glass formation in the PdNi-P ~y s t e m . [~"~~] We found that bulk amorphous alloy rods with 10 mm in diameter can be produced over the composition range of 25-60 at.% of Pd and about 20 at.% of P. Using the fluxing technique, the bulk glass formation in the Pd-Cu-P system was discovered. [331 In this study we use the fluxing technique to investigate the undercooling and vitrification in a number of glass-forming alloys: Pd-Ni-P, Pd-Cu-P, Pd-Cu-Ni-P, and Pd-Ni-Fe-P. All these bulk amorphous alloys have a wide temperature interval, AT = T, -Tg, between the glass e transition temperature and the crystallization temperature. A large AT means that the undercooled liquid is stable against crystallization. It also has technological importance, because in this temperature range the undercooled liquid has low viscosity and thus can be processed into near-net shape components by techniques such as injection molding. Upon cooling the product, the glassy alloy recovers its room temperature strength which typically is on the order of 2 GPa. shows that when amorphous Pd4ONi4oP20 is heated to 34OoC (within the AT range), a small pressure can be used to flow the glassy alloy into fine cavities.
-II. EXPERIMENTAL
The bulk amorphous alloys were prepared by two synthesis methods. To prepare the PdNi-P alloys, commercial Ni2P powder (99.5% pure) was arc melted under a purified argon atmosphere to produce Ni2P ingots. Then, solid Ni2P, palladium (99.99% pure), and nickel (99.99% pure) were arc-melted to form alloy ingots of the desired composition. These alloys were placed in fused silica tubes, and repeatedly purified in molten B2O3, as described in
Refs.
[29,30]. Finally, the fused silica tubes containing the melt and the flux were quenched in water.
To synthesize bulk amotphous Pd-Cu-P alloys, we started by ball-milling elemental powders of Pd (99.95% pure), Cu (99% pure), and P (99.99% pure) in a SPEX 8000 laboratory ball mill for about 10 hours. The ball-milling was carried out inside an argon-fded glove box containing less than 0.1 ppm oxygen. The ball-milled powder was then placed in a fused silica tube together with dehydrated B2O3 and processed as described above. The quenched Pd-Ni-P and Pd-Cu-P rods were sectioned with a low-speed diamond saw to prepare samples for x-ray diffraction, differential scanning calorimetry, and elastic moduli measurements.
The thermal stability and specific heat of the alloys were measured in a Perkin-Elmer differential scanning calorimeter, DSC-7. A sapphire single crystal was used as reference material for the specific heat measurements, as described before.[341 For undercooling measurements, the prepared alloy ingot and dehydrated B2O3 were placed in fused silica tube. A chromel-alumel thermocouple sealed in a thin fused silica tube was immersed in the metallic melt. m e silica tube containing the melt and the thermocouple was removed from the furnace and cooled in air. The temperature TN at which undercooled liquid crystallized was registered by the thermocouple as a recalescence signal in the cooling curve.
III. BULK GLASS FORMATION
Bulk metallic glasses were obtained in the Pd-Ni-P, Pd-Cu-P, Pd-Cu-Ni-P, and
Pd-Ni-Fe-P systems over wide ranges of composition.
A. Pd-Ni-P System
The solid symbols in Fig. 2 show the compositions at which we could prepare bulk amorphous rods with diameters of at least 10 mm. The glass forming range is restricted to a narrow band with phosphorus content close to 20 at.%. The palladium concentration can vary from 25 to 60 at.%. For most of these amorphous alloys, the difference AT = T, -Tg is greater than 90 Amorphous alloys are easiest to form at the Pd40Ni4oP20 composition, and cylinders 25-mm in diameter and 300 g in weight, can be easily produced.[311 Clearly, this size is not the upper limit for bulk glass formation in Pd4oNi4oP20.
B. Pd-Cu-P System Figure 3 defines the compositions for the formation of 7-mm diameter bulk glasses in the Pd-Cu-P system. Similar to the Pd-Ni-P system, the glass formation range is restricted to near 20 at.% phosphorus. However, the palladium content for bulk glass formation is limited to 40-60 at.%, which is narrower than that for Pd-Ni-P alloys. Clearly, the glass forming ability for the PdCu-P system is not as good as that of the Pd-Ni-P system.[331
Experience has shown that most bulk glass formers alloy have three or more components. Figure 4 shows the metal cimpositions €or glass formation in the system (Pd,Cu,Ni)80P20. The minimum content of palladium needed for bulk giass formation (7-mm diameter rods) is about 25.at.%, similar to that in ternary Pd-Ni-P system. Amorphous 2-mm diameter balls were prepared at the composition Pd20Cu@i20p20.
D. Pd-Ni-Fe-P System
We found that 7-mm diameter amorphous rods could not be prepared in the ternary PdFe-P system. Such rods can be prepared in the quaternary (Pd,Ni,Fe)8$20 system, as shown in 
IV. UNDERCOOLING OF BULK METALLIC MELTS
To understand what limits the glass formation in undercooled melts, it is important to measure the maximum degree of undercooling obtainable in the system. Figure 6 shows several continuous cooling curves for bulk N@e30PdloP20 metallic melt fluxed in molten B2O3. The recalescence associated with crystallization is clearly seen in these curves. The lowest observed nucleation temperature in the undercooled melt was TN= 884 K. Using differential thermal analysis (DTA), the equilibrium liquidus temperature of this alloy was determined to be TL = 1187 K, and is shown by the horizontal line. The observed maximum undercooling for this alloy is thus AT= 303 K, or about 0.26 TL. From this figure, the average cooling rate between 1000 K and 900 K is estimated to be only about 5 Wsec. Certainly, the maximum undercooling will increase with increasing cooling rate. Table 1 lists the observed maximum undercooling for a number of alloys that did not form bulk glasses. It is interesting that the alloy NkoFe4oP20, which contains no palladium, can be undercooled to 0.27 TL.
The use of undercooling curves, as those shown in Figure 6 , to evaluate theories of homogeneous nucleation has always been a subject of controversy because no matter how clean the melt is, one can never be quite sure that the nucleation was not initiated at a weak heteronucleant. Thus, the present data represents a lower bound for the degree of undercooling that may be achieved in the presence of homogeneous nucleation alone. If we assume that the degree of undercooling is limited by homogeneous nucleation, then the lack of bulk glass formation in these alloys can be attributed to their relatively small Trg values. For example, the Ni40Fe30PdloP20 alloy has Trg = 0.51. We deduce this number form an estimated glass transition temperature of 600 K (see Table 2 ) and the measured liquidus temperature of 1187 K.
Values of Trg estimated for other alloys systems are included in Table 1 .
V. THERMAL PROPERTIES
A. Themuzl Stabiliity Figure 7 shows the DSC traces for four bulk glasses that are representative of the alloy systems studied. All alloys were measured at a heating rate of 20 Wmin. Table 2 lists the values of Tg, T, , TL, Trg, and the enthalpy of crystallization M, deduced from these curves. The ' temperature interval AT = T, -Tg is a measure of the thermal stability of the undercooled liquid and all the bulk amorphous alloys studied here are characterized by large values of AT. For all the 10-mm diameter glassy Pd-Ni-P rods, AT was larger than 60 K, reaching 102 K at the composition Pd4dNi4Op20 (see Fig. 4 in Ref.
[Jl]). For the glassy Pd-Cu-P alloys, ATranges from 27 K to 73 K. For the quaternary glassy Pd-Cu-Ni-P alloys, ATranges from 30 to 106 K, whereas for bulk glassy Pd-Ni-Fe-P, AT is about 60-70 K.
B. Glass Transition Temperature
The DSC results indicated that the glass transition temperature of Pdg(-~~Ni,P20 is a l l o~s , [~~*~*~ where Tg was found to vary between 585 and 602 K, when x varies from 12 to 72.
In contrast, Tg for bulk amorphous P~~O -~C U~P~O alloys decreases with increasing copper concentration x, as illustrated in Figure 8 . The difference between the composition dependence of Tg in Pd80-~Ni~P20 and Pd80-~Cu,P20 may be due to the difference in the strength of the metal-metal interactions in these two alloys. The enthalpy of mixing of palladium and nickel in the liquid state is almost zero whereas that of palladium and copper is -14 kJ /(mole of Chen[371 arrived to similar conclusions when comparing the composition dependence of Tg for glassy alloys of Pd-Ni-P, Pd-Co-P, and Pd-Fe-P prepared by rapid solidification.
The effect of copper on Tg appears also in the quaternary (pd'Ni)80-~Cu~P20 bulk amorphous alloys, as shown in Figure 9 . The figure includes all the alloy compositions (black circles) in Figure 4 . We notice then that the value of Tg depends on the copper content but not on the ratio of palladium and nickel in the alloy. The Tg data for x > 10 decreases linearly with increasing x. The figure also shows the liquidus. temperatuie for some of these alloys measured by DSC. The TL values also decrease linearly with increasing x. An exception to this behavior seems to be P~Cu3flilOp20, which has an exceptionally low liquidus temperature. In agreement with this plot, all the quaternary bulk Pd-Ni-Cu-P alloys have roughly the same value of Trg, ranging from 0.64 to 0.66. The exception is the alloy P~C u 3 f l i l O p 2 0 which has Trg = 0.72. annealing treatment consisting of heating the sample in the DSC to 563 K and immediately cooling it to room temperature at a rate of about 1 Ws. The solid symbols give the specific heat of the crystallized alloy which was prepared by annealing the glassy sample at 673 K for 30 min.
C. Specific Heat
The large increase in Cp seen in the dag of both glassy alloys near 550 K is caused by the glass transition, which is reversible. The difference between the data for the as-prepared and annealed glasses in the range 475 to 560 K is due to .an irreversible structural relaxation in the as-prepared glass. This relaxation can be explained by the free volume as discussed in detail by van den Beukel and Sietsma.[441 In essence, the as-prepared bulk amorphous alloy contains an excess free volume trapped in the structure which is not in equilibrium at the temperature of the measurements. When the alloy is heated to a'temperature close to T , , , atom rearrangements becomes possible on a local scale and the excess free volume relaxes towards the equilibrium value. This process, often called topological short range ordering, releases internal energy and thus the apparent Cp is smaller. Figure 11 shows similai Cp measurements for Pd4oNi4OP20 alloys. The solid circles
gives the specific heat of the crystallized alloy prepared by annealing the amorphous sample at 823 K for 30 min. X-ray diffraction shows that crystallized Pd4oNi40P20 contains an fcc (Pd-Ni) solid solution which is magnetic. The small kink in the otherwise straight Cp data for the I crystallized alloy is due to the magnetic transition of the nickel-rich fcc solid solution. This peak will be further discussed below. The Cp data for the as-prepared PQoNiaP20 (open circles) alloy shows a small decrease in the temperature range 400 < T < 525 K, quite similar to that seen in the PdaCuaP20 data (Fig. lo) , which we attribute to an irreversible densification. The C ' data for the annealed and slowly cooled amorphous Pd4oNi4OP20 alloy (open triangles), however, is quite different from that for the annealed and slowly cooled amorphous PkCu40p20 alloy.
On heating the annealed Pd4oNi4oP20 alloy in the range 400 e T 575 K, the Cp data is higher than that of the as-prepared alloy by as much as 10%. This increase in Cp cannot be explained by a free volume reduction. The fact that the increase is present in the Pd4oNi4OP20 alloy and not in the P&CuaP20 alloy suggests that the effect is related to the chemical interaction of the metal atoms. We offer the following tentative explanation. While the amorphous Pd4oNi4op20 is slowly cooled below its glass transition, atom rearrangements occur in response to a lowering of the stored elastic energy in the amorphous structure. This can easily occur in the Pd4ON40p20 alloy since nickel and palladium have a near-zero heat of mixing. Because Ni and Pd have largely different atomic sizes, the atomic rearrangements are driven by a release of atom-scale internal stresses. The release of internal stress is more difficult when slowly cooling amorphous Pd&umP20 alloy because Pd and Cu have a negative heat of mixing (-14 kJ/mole). The I I I ' rearrangement of th metal atoms could b la ar neighbor interchanges) 13 diffusional (e.g., spinodal decomposition). On re-heating the Pd4oNi4OP20 alloy to temperatures approaching Tg, the order introduced on slow cooling is destroyed on account of the entropy of mixing and this appears on the DSC trace as an endothermic event. Notice further that a small endothermic excess heat appears also in the DSC trace for the as-prepared Pd4oNi4OP20. Indeed, comparing the DSC curves for the as prepared Pd4oNi4OP2-j and PhCu40p20 alloys one can visualize that in the absence of the chemical order, the DSC trace for the as-prepared Pd4oNi4op20 alloy would have looked as indicated by the dashed ling. Thus, the ordering seems. to be fast and may even occur during the initial slow heating in the DSC. Figure 12 shows similar specific heat data for as-prepared and annealed P~i 2 @ e 2 0 P 2 0 . The annealing was performed in DSC by heating the as-prepared sample to 633 K at 20 Wmin, and held for 3 min before cooling to room temperature at 20 Wmin. For both the as-prepared and annealed and then slowly cooled glasses, Cp shows an anomalous increase between 500 and 580 K which we attribute to a chemical disordering among the metal atoms.
This endothermic signature has sometimes been identified as 'second' glass Our structural studies using synchrotron X-ray diffraction show evidence of a phase separation after annealing glassy Pd4oNi4op~o at 523 K for 30 min.[471 More detailed studies are in progress.
?%e crystallized Pd4oNi4oP20 contains a magnetic phase. The Curie temperature of the magnetic transition can be determined from the specific heat measurements, as shown in Figure   I ill (solid circles), and on an enlarged scale in Figure 13 . X-ray diffraction showed that follows that the theoretical critical cooling rate for glass formation in ~d4o~i4op20 is ~s .
. '
There have been various attempts to measure the critical cooling rate in Pd4$Jiq)P20. 
MI. ELASTIC PROPERTIES
Understanding the elastic properties of a material is essential for engineering applications.
The present availability of bulk glassy alloys allows us to determine their elastic properties using a resonant ultrasound ~pectroscopy.[~~*~~~ In this technique, the spectrum of the mechanical resonance of a parallelepiped sample is measured and compared with a theoretical spectrum calculated for a given set of elastic constants. The true set of elastic stiffness constants is calculated by a recursive regression method that optimizes a match between the two spectra.
Further details of this technique have been described elsewhere.
[5658]
An isotropic amorphous alloy has only two independent second order elastic stiffness ~ constants. The room-temperature elastic moduli for a number of bulk amorphous alloys are listed in Table 3 . 
Vm. MAGNETIC PROPERTIES OF Pd-Ni-Fe-P ALLOYS
Magnetic susceptibility measurements show that bulk glassy Pd-Ni-Fe-P alloys are spin glasses below approximately 30 K. Figure 14 shows the field-cooled and zero-field-cooled susceptibility for as-prepared bulk amorphous Pc4oNi22.5Fe17.5P20 alloy as a function of temperature. The susceptibility was measured at a DC field of 10 Gauss. The field cooled curves are reversible whereas the zero-field-cooled is not. At any constant temperature below 30 K, the susceptibility in the zero-field-cooled state drifts upwards with increasing temperature.
This change is irreversible. Additional evidence for spin glass behavior comes from measurements of magnetic hysteresis, field dependence of the thermoremanent magnetization (TRM), isothermal remanent magxietization 0, and time relaxation of the TRM and IRM.
These results will be presented elsewhere.
IX. DISCUSSION AND CONCLUSIONS
Our experimental results indicate that the removal of heterogeneous nucleation sites is essential for bulk glass formation. When melts of the.type (Pd-M)80P20, where M is one or more of the elements Ni, Cu, and Fe, are fluxed in molten B2O3, heterogeneous nucleation centers can be chemically reduced and/or dissolved in the flux. Then, the major competition to glass formation comes from homogeneous crystallization. Using this fluxing technique, bulk amorphous alloys in the Pd-Ni-P, Pd-Cu-P, Pd-Cu-Ni-P, and Pd-Ni-Fe-P systems were produced 0 af cooling rates on the order of 100 Ws. have near zero heats of mixing, the undercooled liquid will be able to relax the atomic-level stresses as its becomes a glass. If instead the metal atoms have large heats of mixing, either positive or negative, the metal atoms will not be free to choose their neighbors at will, and thus will not be able to effectively relax the atomic-level stresses in the glass.
The ability of atoms with near-zero heat of mixing to relax atomic-level stresses may explain the excellent glass forming ability in the (Pd,Ni,Cu,Fe)g&o systems. Pd and P, and Ni and P, have both large negative heats of mixing, whereas Pd and Ni have a near zero heat of mixing in the liquid (amorphous) state. The present specific heat measurements (Figs. 11 and   , 
12
) show that at temperatures about 100 K below Tg, there is change in the chemical order in the glass which cannot be explained by the free volume model. We also noticed that this change is I absent in the Pd-Cu-P system, and we attribute this to the slight negative heat of mixing between I Cu and Pd.
atomic-level stresses is the reason why Pd-Ni-P is a better glass forming system than Pd-Cu-P.
We suggest that the ability of the metal atoms in the Pd-Ni-P glasses to relax
Having atoms with near-zero heat of mixing may also explain the good glass forming ability of the Zr41.2Til3.8Cul2.5NildBe22.5 alloy and of similar atoms that do not contain beryllium. In fact, this alloy has two pairs of atoms, (a, Ti), and (Cu, Ni) which have near-zero heat of mixing. Another example supporting this idea in the bulk glass former La55AI25Ni20.
This ternary alloy can be cast into 3-mm diameter amorphous rods. A large number of vastly different atomic sizes not only stabilizes the melt, but also dei stabilizes the crystal since it is less likely to find crystalline structures that can accommodate a large variety of atomic sizes at arbitrary concentrations. 
Figure 2
Bulk glass formation range in Pd-Ni-P system. Filled circles denote the formation of glassy rods with diameters of at least 10 mm. Open circles represent compositions a t which the rods were crystalline.
Figure3
Bulk glass formation range in the Pd-Cu-P system. Filled circles denote the formation of glassy rods with diameters of at least 7 mm. Susceptibility k) of as-prepared bulk amorphous Pc40Ni22.5Fe17.5P20 measured at a DC field of 10 Gauss. The sample was first cooled to about 5 K at zero field and x was measured during warming (open circles). The x measurements were repeated for field cooling (upper t6angles) and field warming (down triangles). b: estimated from the glass transition temperature of bulk Pd-Ni-Fe-P glasses (see Table 2 ). 
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